Settling particles and surface sediments collected from the western region of the Sea of Okhotsk were analyzed for total organic carbon (TOC), long-chain n-alkanes and their stable carbon isotope ratio (δ 13 C) to investigate sources and transport of total and terrestrial organic matter in the western region of the sea. The δ 
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Introduction
Input of terrestrial organic matter to the ocean is estimated to be 400 Tg yr -1 by riverine transport (Schlesinger and Melack, 1981) and 20 Tg yr -1 by atmospheric transport (BuatMénard et al., 1989) . Therefore, rivers are the primary pathway for the transport of fresh organic matter from land to the coastal oceans, together with fresh waters and mineral matterial, representing 70 % of the world's solid inputs to the marine realm (Milliman 1991) , and 0.7 % of the terrestrial net primary production (Schlesinger and Melack, 1981; Ittekkot, 1988) . Delta and coastal regions play a key role in the global carbon cycle since they are the main repository of inputs of terrestrial organic matter delivered by rivers to marine sediments (Berner, 1989; Hedges and Keil, 1995) . On the other hand, the atmosphere is another important transport pathway of terrestrial organic matter for the open ocean environments. It is important to investigate the sources and long-range transport of terrestrial organic matter in the ocean to better understand the global carbon cycle. Moreover, terrestrial plant-derived biomarkers deposited in marine sediments can also provide spatially integrated information about terrestrial plant ecosystems and terrestrial biosphere functions in the past. Hence, it is of geochemical interest that how fluvial and atmospheric transports of terrestrial organic matter are recorded in marine sediments for reconstructing terrestrial environments from sedimentary records.
However, transport pathways and the fate of terrestrial organic matter in the ocean are not fully understood (Hedges et al., 1997) .
Several methods have been proposed for inferring the source of organic matter in marine environments. Stable carbon isotopes of bulk organic matter (δ 13 C org ) is a useful tool for identifying sources of organic matter. For example, δ 13 C org are often used to distinguish between marine and terrestrial-plant sources of sedimentary organic matter, because the δ 13 C org of land plants using the C3 photosynthetic pathway is approximately -27%, whereas marine phytoplankton typically have δ
13
C org values between -20 and -22 ‰ in tropical and temperate regions (Schefuβ et al., 2003; Rommerskichen et al., 2003) . However, δ 13 C org is often insensitive for estimating the contribution of terrestrial organic matter input in high latitude oceans. At low temperature, the solubility of CO 2 increases, and thus its availability to the 4 phytoplankton increases, resulting in much larger fractionation. As a consequence, phytoplankton living in cold oceans tend to have lighter δ
C whose value often overlaps with that of terrestrial C3 plants (Popp et al., 1999; Trull and Armand 2001) . On the other hand, the molecular level analyses for lignin phenols and long-chain lipids (unique biomarkers of terrestrial plants) are much more specific and sensitive. Odd carbon numbered n-alkanes (C 25 -C 35 ) are widely used as tracers for inputs of terrestrial organic matter to the ocean environment.
Positive correlations (r 2 > 0.88) between concentrations of ΣC 25-31 n-alkanes and TOC have been reported in the sediments of river basins (Prahl et al., 1994; Fernandes and Sicre, 2000) ,
suggesting that terrestrial-plant n-alkanes can be a widely representative biomarker of terrestrial organic matter input.
The Sea of Okhotsk, which is located in the northwestern Pacific rim, is one of the largest marginal seas in the world and is also characterized as a region where seasonal sea ice reaches the lowest latitudes (Kimura and Wakatsuchi, 2000) . This sea has a general cyclonic current system with peculiar conditions of water exchange with the North Pacific via the straits of the Kuril Islands. The Sea of Okhotsk is the source region of the North Pacific Intermediate Water (NPIW) (Tally and 1991; Wong et al., 1998) . When sea ice is formed on the northwestern continental shelf, cold brine waters are rejected and sink to the bottom of the shelf to make dense shelf water (DSW) (Martin et al., 1998; Gladyshev et al., 2000) . Annual mean production rate of the DSW has been estimated to be 0.5 Sv and 0.67 Sv by Gladyshev et al. The Amur River, which is one of the largest rivers of eastern Eurasia, is thought to play an important role as the major source of terrestrial organic matter to the Sea of Okhotsk (see Fig. 1 ). Annual fluxes of fresh waters from the Amur River are estimated to be 300 km 3 yr -1 (Ogi et al., 2001) , carrying a terrestrial input of dissolved organic carbon (DOC) to the continental margin estimated to be 2.5 TgC yr -1 (Nakatsuka et al., 2004a) , which is comparable to that of largest rivers in the world (Spitzy and Leenheer, 1991; Telang et al., 1991) . Because the Sea of Okhotsk is adjacent to the eastern rim of Eurasia, long-range atmospheric transport of organic matter from the land might also be important, especially in offshore regions.
Previous field observations have revealed that the Sea of Okhotsk has an effective transport system of entraining particles from the bottom of the northwestern shelf into the adjacent deeper basin. This is associated with the formation of sea ice and the DSW in the northwestern shelf (Nakatsuka et al., 2002; Nakatsuka et al., 2004b) . The DSW contains a large amount of resuspended particles, due to strong tidal mixing on the shelf (Kowalik and Polyakov, 1998 (Nakatsuka et al., 2004b) . Estimated transports of dissolved organic carbon (DOC) and particulate organic carbon (POC) by the DSW flow are 13.6 and 0.9 TgC yr -1
, respectively (Nakatsuka et al., 2004a) . These fluxes are much higher than the sinking POC fluxes from proximal surface waters, suggesting that the organic carbon flux by the DSW plays an important role in biogeochemical cycles in the sea. However, the sources and export process of terrestrial organic matter are still unclear in the Sea of Okhotsk.
In this study, we provide spatiotemporal distributions of δ 13 C org and terrestrial biomarker distributions (high molecular weight n-alkanes), together with their compound-specific δ 13 C values in sediments and settling particles collected from the western Sea of Okhotsk, in order to investigate the sources and transport processes affecting particulate terrestrial organic matter in the sea.
Materials and methods

Samples
Four sediment trap systems (Mclane Mark78G) Fig. 1 ). Table 1 presents station data of the sediment traps used in this study. The upper traps were deployed at 260-280 m depth. The lower traps were deployed at about 200 m (M4) and 100 m (M6) above the ocean floor. Trap sample cups were pre-poisoned with a 5 % formaldehyde solution buffered by sodium tetraborate to prevent in situ bacterial degradation of trapped materials. A total of 168 samples of settling particles was collected, refrigerated and brought to the shore-based laboratory. Each sample was sieved through a 1 mm mesh to remove zooplankton swimmers, split into 10 fractions and stored again at -20 ˚C until chemical analysis.
We analyzed a total of 168 samples for total organic carbon (TOC) and δ
13
C org , and 120 samples for aliphatic hydrocarbons. Sediment samples were also collected along the western coastline of the Sea of Okhotsk by a multiple-core sampler during the cruises (see Table 2 ). C measurement of long-chain n-alkanes. Saturated hydrocarbons were eluted with n-C 6 H 16 (2 ml).
For the quantification and δ
C measurement of aliphatic hydrocarbons, an internal standard (C 24 D 50 n-alkane) was added to the subfractions before the injection to the GC. Recoveries of nalkanes (C 29 and C 32 ) were > 90 %. . The separated compounds from the GC were introduced to the combustion reactor (850 ˚C), with contained a fine CuO wire and a fine Pt wire as a catalysts. Analytical errors for δ 13 C of nalkanes were within 0.5 ‰. TOC were generally high in early summer (June) and autumn (August-October) and much less during winter. According to the previous study of bulk elemental analyses, the enhanced TOC flux is attributed to increases in export production from phytoplankton blooms in early summer and autumn (Nakatsuka et al., 2004b) . This result agrees well with a previous experiment of The C/N ratios ranged from 4.1 to 8.0 and from 5.4 to 9.1 in M4 and M6, respectively. It has been reported that micro algae typically have C/N ratios between 4 and 10, whereas C/N ratios of terrestrial land plants are greater than 20 (Meyers, 1994) . Therefore, the lower C/N ratios observed in the organic matter in settling particles suggests a predominance of marine organic matter. In high latitude oceans, seasonal and spatial variations of the growth rate strongly affect the δ 13 C of phytoplankton (Rau et al., 1992; Francois et al., 1993) . In fact, the δ 13 C org of suspended particles collected from the chlorophyll-a maximum depth in the Sea of Okhotsk shows a large variation (from -27 to -19 ‰), decreasing offshore from northwestern Sakhalin Island (Nakatsuka et al., 2004a) . This is probably explained by spatial variability in the phytoplankton growth rate, with increased growth rate in coastal regions. The δ 
Gas chromatography (GC) and GC/mass spectrometry (MS) analyses
Results and discussion
Bulk analysis of organic matter
Hydrocarbons in surface sediments
n-Alkanes are major components of aliphatic hydrocarbons in the Okhotsk Sea sediments.
C 14 -C 35 n-alkanes were detected in the surface sediments (0-1 cm) in the western and southern Okhotsk Sea. Their concentrations range from 1.4 to 3.0 µg g -1 dry sediment (see Table 2 ).
Their molecular distributions showed an odd-carbon-number predominance with peaks at C 27 , C 29 and C 31 (see Fig. 3 ). On the other hand, lower molecular weight n-alkanes (C 14 - C Seki et al., 2003) . The odd carbon number n-alkanes (C 25 -C 35 ) are major components of terrestrial-plant epicuticular waxes (Eglinton and Hamilton, 1967; Meyers and Ishiwatari, 1993) . We calculate the carbon preference index (CPI) of n-alkanes, using the following equation (Bray and Evans, 1961) :
The CPI of the n-alkanes varied between 5.0 and 6.4 with an average of 5.5 (see Table 2 ). The CPI values in the Sea of Okhotsk sediments are close to those of the Japan Sea sediments (Yamada and Ishiwatari, 1999) , and slightly lower than those (6-9) of the pelagic sediments from the northern North Pacific (Ohkouchi et al., 1997) . The δ
13
C values of n-alkanes ranged from -32.9 to -28.6 ‰ among the C 21 -C 33 n-alkanes (Table 3 ). δ However, despite a general acceptance of using n-alkanes as terrestrial biomarkers, some studies suggested possibility of marine sources for the long-chain odd n-alkanes in certain regions (Lichthouse et al., 1994; Naraoka and Ishiwatari, 1999) . Hence, use of the long-chain lipids as terrestrial biomarkers must be carried out with caution in marine environments.
However, the δ 13 C values of pristane, which is an algal biomarker, are heavier (about -28 ‰)
than those of long-chain odd n-alkanes in the Sea of Okhotsk, indicating that the long-chain nalkanes are terrestrial-plant origin (Table 3) C of C 25 -C 31 n-alkanes in surface sediments (Table 3) . These results indicate that C 25 -C 35 nalkanes in the sediments are derived mainly from C3 terrestrial-plant rather than marine sources.
Hydrocarbons in settling particles
Some branched and unsaturated hydrocarbons as well as n-alkanes were abundant in settling particles collected from the Sea of Okhotsk. It has been reported that some hydrocarbons are biosynthesized by micro-algae (Volkman et al., 1988) . Fig. 4 shows a capillary gas chromatogram of aliphatic hydrocarbons in the settling particles (M4 upper trap)
collected from 30 October to 12 November 2000. In the Sea of Okhotsk, the most abundant marine hydrocarbons are C 21 HUH and pristane. C 21 HUH is often the most abundant hydrocarbon in diatoms, but dinoflagellates and other algal groups also produce it (Blumer et al., 1971; Nichols et al., 1988) . Hence, C 21 HUH is a generic phytoplankton biomarker. Pristane is a well known biomarker of zooplankton, particularly of calanoid copepods, which produce it from phytol in chlorophyll-a from their diet (Volkman and Maxwell, 1986 ).
The fluxes of C 21 HUH are markedly higher in the upper traps than in the lower traps ( Fig.   2g and 2h ). Enhanced fluxes of C 21 HUH coincide with all of the spring and autumn blooms.
This supports the conclusion that the increased TOC fluxes in the upper traps during these periods are caused by enhanced in situ export production. The lower flux values for the lower traps suggest that organic matter captured at depth is more degraded than that collected in the The most likely source of the n-alkanes with the lowest CPI and highest δ 13 C values is petroleum. In general, n-alkanes of oil origin are characterized by lower CPI values, close to 1.0, they are also isotopically heavier than n-alkanes of terrestrial-plant wax, and are often associated with a high content of UCM due to bacterial degradation of n-alkanes and production of UCM. The Sea of Okhotsk, especially near Sakhalin Island, is known as a region of significant oil reservoirs. Currently, operations for oil production have started near the northeastern coast of Sakhalin Island. Quite low quantities of UCM in the Okhotsk Sea samples suggest non-biodegraded oil source or crude and refined product sources for the n-alkanes. It has been reported that non-biodegraded oil has no UCM (Spiro et al., 1983; Sun et al., 2005) and that n-alkanes with very low CPI but no UCM in the Arabian Sea derive from petroleum based on Alternatively, marine organisms are also possible sources of n-alkanes with low CPI values. n-Alkane distributions without any odd carbon predominance have been detected in non-polluted regions (Volkman et al., 1983; Nichols et al., 1988; Cripps, 1995; Harada et al., 1995; Bieger et al., 1997) and in a mixed diatom culture experiment (Volkman et al., 1980) , suggesting that these n-alkanes originated from microalgae or bacterial recycled material.
However, the δ 13 C values of pristane (-29 ~ -28 ‰) are different from that of the low CPI nakanes (-27-~ -26 ‰) in the sea, indicating that the long-chain n-alkanes are not marine origin in the Sea of Okhotsk (Table 3 and 4).
Reconstruction of the terrestrial-plant source signatures
We estimated distributions of the terrestrial-plant sources using an approach based on the stable carbon isotopes of individual source areas as proposed by Lichtfouse and Eglinton (1995).
calculated from:
where x is the carbon fraction derived from petroleum, δ P is the δ
13
C values of the n-alkanes from polluted settling particles, δ U is the δ 13 C value of the same n-alkane in unpolluted sediment, and δ F is the δ 13 C value of an n-alkane from petroleum. The δ U value is obtained from the mean δ
C values of sedimentary n-alkanes. Values for x have been calculated for n-alkanes
in the range (C 21 -C 35 ). The δ F value is defined as -26.5 ‰, which is the average isotopic value of CPI=1.1 n-alkanes. The relative concentration of n-alkanes in the petroleum is calculated from:
where A T is the relative concentration of an n-alkane in the petroleum and A P is the relative concentration in a polluted sinking particle. CPI values of the estimated unknown sources are close to 1 (from 0.7 to 1.1). On the other hand, the CPI of terrestrial-plant n-alkanes shows higher values (from 2.6 to 17.2). We estimate the fluxes of petroleum and terrestrial-plant n-alkanes by subtracting n-alkanes of other sources from total n-alkanes on the basis of an assumption that the CPIs of terrestrial-plant and petroleum sources of n-alkanes are 7.0 (maximum CPI value in Okhotsk Sea samples) and 1, respectively. In this study, the subtracted C 25 -C 31 odd n-alkanes (ΣoddC 25-31 ) were defined as terrestrial-plant n-alkanes. Abundance of calculated terrestrial-plant n-alkanes is underestimated with this assumption (1~20% lighter than δ 13 C estimation). On the other hand, unknown nalkanes are somewhat overestimated. The fluxes of terrestrial-plant n-alkanes in the settling particles were calculated from this model, and below we discuss the sources and transport processes of terrestrial organic matter in the western Sea of Okhotsk from the reconstructed terrestrial-plant n-alkane fluxes. October 1999 in M6. This suggests that the main source of n-alkanes captured in the lower traps is almost the same as that of the upper traps during the former period but different during the latter period. It should be noted that enhanced n-alkane flux consistently increased when export fluxes were enhanced, suggesting that scavenging by sinking particles, such as fecal pellets, or aggregation of phytoplankton play an important role in downward transport of terrestrial nalkanes. Fig. 8 shows the relationships of long-chain n-alkanes and lithogenic material in M4 and M6 sediment traps. Relatively good correlation is observed in the lower traps. As described before, the several intermittent increases in lithogenic fluxes were caused by lateral transport of resuspended sediments via DSW flow (Nakatsuka et al., 2004b) . In general, the abundance and preservation of particulate organic matter is related to mineral grain size (Keil et al., 1994) .
Source and transport
Seasonal changes in the fluxes of long-chain n-alkanes (source and transport pathways)
Lateral transport of terrestrial plant n-alkanes
Most particulate organic matter of suspended particles and sediments is adsorbed to the surfaces of clay mineral grains and is protected against microbial degradation (Keil et al., 1997; Mayer, 1994; Ramson et al., 1998; Hedges and Keil, 1999) . A good positive relationship between fluxes of terrestrial-plant n-alkanes and lithogenic matter has been reported in sinking particles with no vertical difference from the Arabian Sea (Prahl et al., 2000) . 
Vertical transport of terrestrial-plant n-alkanes
The fluxes of terrestrial n-alkanes in samples corrected in Aug-Nov 1998 are the largest of all periods. Good synchroneity of temporal variations of CPI in the upper and lower traps during the period from autumn 1998 to autumn 1999 indicates a vertical transport of n-alkanes during the period. No correlation was observed between lithogenic material and terrestrial nalkane concentrations in the upper traps. This result indicates that transport of terrestrial nalkanes to the Sea of Okhotsk is independent from the transport of lithogenic materials.
Emission of plant leaf waxes into the atmosphere and their long-range transport is an important pathway for terrestrial organic matter to the ocean, especially the remote open ocean (Simoneit et al., 1977; Gagosian and Peltzer, 1986; Kawamura et al., 2003; Conte and Weber, 2002a, 2002b) . Especially, biomass combustion is an important primary source of organic aerosols in the global atmosphere (Simoneit et al., 2002) , because biomass burning directly releases organic compounds, including long-chain n-alkanes, into the atmosphere (Simoneit et al., 2002) .
Because wind direction is normally eastward in eastern Siberia, smoke particles could be transported over the Sea of Okhotsk. Southeastern Russia, which is an important drainage basin of the Amur River, is one of the most extensive regions of wildfire in Siberia. In fact, intense and widespread forest fires occurred over far eastern Siberia in July-October 1998 (Tanimoto et al., 2000; Kajii et al., 2002) . Alternatively, an adsorption of DOM to sinking particles is another possible cause for the increase in terrestrial n-alkane flux in autumn 1998. Hedges and Keil (1999) predicted the presence of hydrophobic and adsorptive DOM in river waters. When such DOM from the Amur River contacts a large amount of suspended particles in an estuary, especially under the flocculating influence of sea salts, extensive sorptive uptake might be expected, relative to that exhibited in the turbid river (Hedges and Keil, 1999) . Coagulation of hydrophobic humic acid has been recognized in rivers (Ertel et al., 1986) and numerous estuaries (Fox, 1991) . It was reported that the leaf-wax lipids are contained in dissolved fractions as well as the particulate fraction in waters from river (Jaffé et al., 1995) , estuary (Mannino and Harvey, 1999) and lake (Berdié et al., 1995) environments. Coagulation commonly occurrs as salinity increases in an estuary. However, coagulation of terrestrial organic matter may rarely occurrs in offshore regions such as M4 and M6.
Sea ice is also a possible transport pathway of terrigenous material to marine sediments in the semi-polar regions. Terrigenous material is incorporated into ice when grounded sea ice forms in coastal regions of shallow water depth. However, the expected increase in ΣoddC 25-31 flux was not observed during enhanced periods of IRD events. Sea ice formed at the northwestern continental shelf drifts and extends to the south during the winter (carrying with it incorporated terrigenous material) because of strong northwesterly winds and the East Sakhalin Current (Kimura and Wakatsuchi, 1999) . Grain size analyses of terrigenous material in the sediment traps (Sakamoto et al., 2001) should enhanced fluxes of coarse grain particles were observed when the sea ice was melting (May), suggesting the discharge of terrigenous grains by sea ice at this time.
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